During spring, utilising multiple cues allow temperate tree species to coordinate their bud burst and leaf out, at the right 1 5 moment to capitalise on favourable conditions for photosynthesis. Whilst the effect of blue light (400-500nm) has been 1 6
Introduction

0
Trees at northern latitudes must time the bud burst and unfolding of their leaves in spring so that they are able to 4 1 capitalise on favourable conditions for photosynthesis as early as possible, whilst avoiding late frosts which can cause foliar 1 0 1 blue light would advance bud burst in temperate deciduous tree species. Additionally, we expected that bud burst of early 1 0 2 successional species, which is predominantly affected by temperature (Basler and Körner, 2012) , would be less affected by 1 0 3 blue light than late successional species. To this end, we tested the effect on bud burst of light treatments that either included We collected dormant branches of A.glutinosa, B.pendula and Q.robur from co-occurring populations of local origin 1 1 0 in a natural forest stand in southern Finland (60°13'04.2"N 25°00'31.0"E) and kept them in a temperature-controlled 1 1 1 environment under different light treatments while monitoring their bud development. Branches were collected from the 1 1 2 lower canopy of trees (2-3 m height above the ground) using sterile garden secateurs on 6 th February 2017. We selected eight 1 1 3 trees per species, taking 10-15 branches from each tree. Only dormant branches, free of pests and symptoms of disease were 1 1 4 selected.
5
The use of this approach, putting cut twigs in controlled conditions for the study of bud burst phenology, and its 1 1 6 reliability have recently been exemplified in several studies (Basler and Körner 2012 , Laube et al. 2014 , Polgar et al. 2014 , 1 1 7 Vitasse and Basler 2014, Primack et al. 2015) . We followed a similar protocol to these studies, placing the cut end of twigs 1 1 8 6 immediately into test tubes of water and continuously monitoring their bud development, under two light treatments: a broad 1 1 9 spectrum containing blue light, and a broad spectrum of equal PAR and far red but with blue light attenuated (Table S1 ).
2 0
All trees received 111 chilling days prior to harvest: this was calculated according to Murray et al. (1989) as the 1 2 1 number of days from 1 st of November with a mean temperature ≤ 5°C. All trees were on the east-facing side of a mixed-forest 1 2 2 stand, and only branches that were exposed to sunshine for the majority of the day were selected (spectral composition 1 2 3 provided in Table S2 , monthly precipitation and temperature in Table S3 ). Branches were selected which presented at least 1 2 4 five buds including the terminal bud. Once collected, branches were all immediately taken into a greenhouse kept at ambient 1 2 5 outdoor temperature (0°C), and re-cut to a mean length of 28.35 cm (mean ± 0.34 SE), and then placed into upright sterilised 1 2 6 clear-plastic test tubes (10.26cm long -15ml volume) containing tap water (Table S4, Three of the six compartments received a broad spectrum of irradiance from an array of LED lamps (2 × Valoya 1 3 5 AP67, 400-750 nm, Table S1 : mean PAR among compartments of 161 ± ± ≤ 10 µmol m -2 s -1 , plus 28 µmol m -2 s -1 far red) 1 3 6 including blue light (BL, 21.8 µmol m -2 s -1 , 13.5% of total PAR), and in the other three compartments BL was attenuated (no 1 3 7 BL)by wrapping film Rosco #313 Canary Yellow (Westlighting, Helsinki, Finland) around the LED lamps (3 × Valoya 1 3 8 AP67), limiting the spectrum to a wavelength range 500-750nm (Table S1 : PAR 156± ≤ 10 µmol m -2 s -1 , plus 31 µmol m -2 s -1 1 3 9 far red). Spectral irradiance measurements were taken inside all the experimental compartments with an array 1 4 0 spectroradiometer (Maya 2000Pro, Ocean Optics Inc., Dunedin, Florida, USA) to ensure equivalent PAR and R:FR ratios 1 4 1 between the treatments (Table S1 ). Lights were kept on a 12 h light-dark cycle to simulate photoperiod conditions compartments had reached at least 50% bud burst (stage 4). Degree-days were calculated as the accumulated mean daily 1 6 0 temperature > 0˚C after the date of December 31 st 2016, following methods by Heide (1993), including any degree-days 1 6 1 accumulated by the branches from the dates January 1 st to February 6 th 2017, during the period prior to the experiment. All results are given as the means ± 1 SE of three replicates, whereby each compartment was treated as one replicate. In all three species, BL decreased the mean number of days until 50% bud burst (Fig. 1) . The response to blue light 1 7 4 was smallest in the early successional species B.pendula, which reached 50% bud burst only 3-days earlier in the BL 1 7 5 treatment compared to the no BL treatment (F 1,4 = 100, p < 0.001). The later successional A.glutinosa and Q.robur reached 1 7 6 50% bud burst 6 days (F 1,4 = 16.20, p = 0.016) and 6.3 days (F 1,4 = 90.25, p < 0.001) earlier respectively in the BL treatment In our experiment, the effect of BL expressed as a degree day difference between treatments was consistent with the 1 8 2 days until 50% bud burst (Fig. 2) . Our BL light treatment reduced the degree-days required for bud burst in B.pendula by 1 8 3 17.12 degree-days (F 1,4 =12.3, p = 0.025), in A.glutinosa by 28.14 degree-days (F 1,4 = 35.8, p=0.04) and in Q.robur by 60.04 1 8 4 degree-days (F 1,4 = 20.9, p= 0.010): this is the equivalent of a 10.54%, 15.48% and 11.03% reduction due to BL in each 1 8 5 species respectively (Table 1 ). The degree-day requirement for bud burst in B.pendula was very similar to that of a natural 1 8 6 population in southern Finland (Table S6) , and was within the range reported in previous studies (Basler and Körner 2012, 1 8 7
Heide 1993), as was A.glutinosa (Table S6 , Heide 1993). The bud burst of Q.robur branches had a lower degree-day 1 8 8 requirement than a natural population in southern Finland (Table S6 ): this discrepancy may derive from the photoperiod 1 8 9 sensitivity of bud burst in Quercus species (Basler and Körner 2012, Basler and Körner 2014) which could have been 1 9 0 activated by the 12h photoperiod we employed. Alternatively, this difference could be due to the reduced number of chilling 1 9 1 days that treated branches received prior to February compared with those in forest stands throughout spring (Table S6 ).
9 2
When expressed as the difference in the total length of time until bud burst, the effect of BL in days or degree-days was 1 9 3 smallest in branches of B.pendula: however, because of the three species we compared it required the shortest total period 1 9 4 before bud burst, the effect of BL on B.pendula was greatest in relative terms when measured as a % difference (Table 1) Our results demonstrate for the first time that blue light advances spring bud burst in temperate deciduous tree species, 2 0 0 through a photoreceptor-dependent mechanism which is yet to be elucidated. This result is consistent with studies of plants of 2 0 1 the Rosacea family, including Rosa sp. and Prunus cerasifera , where a higher percentage bud burst and more axillary 2 0 2 vegetative shoots and branches were produced under blue light compared to red light (Muleo et al. 2001 , Girault et al. 2008 ).
0 3
The growth rate and number of preformed leaves in the buds of these species were also higher under blue light. The control pseudoplatanus (Catesson 1964 , Barnola et al. 1986 , Cottignies 1986 , Kelner et al. 1993 , Rinne et al. 1994 ) increase in bud 2 1 0 sink strength close to bud burst, resulting in increased mobilization of stem carbohydrates. It appears from these studies that 2 1 1 sugar metabolism, at least in part, plays a role in the process of bud burst of tree species.
1 2
Regulation of flowering time in response to photoperiod by the blue/UV-A cryptochrome and the R:FR phytochrome 2 1 3 photoreceptors has been well established in the model plant Arabidopsis thaliana (Guo et al. 1998 , Somers et al. 1998 ). In 2 1 4 comparison, much less is known about the role of photoreceptors that regulate bud burst in response to spectral composition.
1 5
In the tree species P.tremuloides, the phytochrome gene PHYB 2 was found to be coincident with a quantitative trait locus 2 1 6 affecting bud-set and bud burst (Frewen et al. 2000) . Similarly, cryptochromes have been shown to facilitate blue-light-2 1 7 mediated phenological responses in other plant species (Guo et al. 1998 , Meng et al. 2013 , so it is reasonable to speculate 2 1 8 that cryptochromes and phytochromes could facilitate bud burst in response to blue light. Conversely, although phototropins 2 1 9 also absorb blue light, there is no evidence that they mediate phenological responses (Casal 2000) . Considering that UV-B 2 2 0 can affect bud burst and bud set in P.tremula (Strømme et al. 2015) , and that plants possess a UV-B-detecting photoreceptor 2 2 1 (Rizzini et al. 2011) , we suggest that a productive area of future research would be to determine the relative contribution of 2 2 2 different photoreceptors to regulating bud burst in response to spectral composition. growth not found at lower latitudes, such as the delay in bud dormancy exhibited by P.abies grown under day extension using 2 3 6 blue light (Mølmann et al. 2006) . Given that at high latitudes the day length and thus hours of twilight vary drastically 2 3 7
throughout the year, it is possible that blue light provides cues related to lengthening twilight and daylight periods in spring.
3 8
Since photoperiod often has a greater effect on the timing of bud burst in late-successional species (Basler and Körner 2012, 2 3 9
Basler and Körner 2014), we might infer that blue light should also have a greater effect on later successional species due to 2 4 0 its ecological relevance, i.e. changes in spectral composition related to day length and the length of twilight. Since we used a 2 4 1 fixed day length in our experiment, we cannot speculate on the possible interactive effects of blue light and day length here.
4 2
Similarly, we cannot say whether the bud burst response that we report is related to the proportion of blue light received or 2 4 3 the total irradiance of blue light. As such, we suggest future research should test whether bud burst in response to blue light 2 4 4 is related to diurnal changes in the proportion of blue light.
4 5
Under controlled temperature and light conditions we found that blue light advances bud burst in the tree species 
